To clarify the pathogenesis of oral plague infection, we studied the susceptibility of three species of rodents to intragastric inoculation of Yersinia pestis, described the pathology and progression of infection, and measured antibody responses to fraction IA antigen of Y. pestis. The 50% lethal doses of bacteria by intragastric inoculation for Mus musculus, Zygodontomys pixuna, and Rattus rattus were log1o = 6.32, 5.46, and 9.62, respectively, which were at least 1,000-fold higher than the values obtained by subcutaneous inoculation. M. musculus was shown to be susceptible to lethal infection also when bacteria were ingested in drinking water. Microscopic pathology was consistent with heavy systemic infection. Quantitative cultures of tissues at different times after intragastric inoculation revealed that infections of blood, liver, and spleen preceded infections of Peyer's patches and mesenteric lymph nodes. Stool cultures were negative. The strain of Y. pestis used for inoculation was killed when exposed to a buffered solution at pH .3. Antibody responses were observed in some of the surviving rodents after intragastric challenge. These results showed that Y. pestis was an effective oral pathogen that produced fatal systemic infections and self-limited infections with immunity but did not produce enteric pathology or lead to fecal excretion of bacteria.
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Plague caused by Yersinia pestis is a natural infection of rodents. Transmission among rodent reservoirs occurs predominately by flea bites but also may occur by ingestion. In 1894, Yersin first showed that rats and mice could be fatally infected by feeding them fragments of spleen or liver from animals that had died of plague (21). Although rodents are not naturally carnivorous, they eat dead littermates in captivity and may do so occasionally in their natural burrows. Natural carnivores such as bobcats, coyotes, and cats can develop fatal systemic infections with plague after ingesting infected rodents, and these carnivores have transmitted plague to people, such as hunters, who have handled the animals (14, 18 ). An outbreak of plague in Libya in 1976 was associated with skinning and eating the meat of a sick camel (10) .
Y. pestis has been shown to be extraordinarily lethal to rodents by parenteral injection (3), but little work has been done since the time of Yersin to clarify the role of Y. pestis as an oral pathogen in rodents. Rust and colleagues showed that dogs and cats which were fed Y. pestis all developed antibody rises and that three cats died with overwhelming purulent infections (16). Chen et al. showed that vervet monkeys fed 10 organisms of the avirulent strain EV76 developed fever, diarrhea, and passage of blood and mucus in stools (9) . Most of these animals developed antibody responses after nonfatal illnesses. Chen and co-workers found that instilling organisms into the oral cavity was more effective than placing bacteria into the food of monkeys and concluded that Y. pestis crossed the oral mucosa more efficiently than the mucosa of the lower gastrointestinal tract (9) .
The classification of the plague bacillus in the family Enterobacteriaceae suggests that Y. pestis could have a larger role in the intestinal niche than has been previously appreciated. In this study, we attempted to determine the susceptibility of laboratory and field rodents to Y. pestis by the oral route. The pathology of orally acquired plague infection suggested that it is not an enteric pathogen but kills by producing a systemic infection. Furthermore, the failure of bicarbonate or streptomycin pretreatment of mice to render them more susceptible to infection tis and the other enteric pathogenic bacteria Vibrio cholerae and Salmonella typhimurium (2, 12 
Susceptibility of rodents by ingestion of bacteria in drinking water. To determine whether Y. pestis was also virulent when naturally ingested, bacterial suspensions were prepared from colonies on a chocolate agar plate and diluted with distilled water to a final concentration of about 108 organisms per ml. Five mice were allowed to drink 20 ml of infected water. All died 3 days later, and smears and cultures of tissues revealed heavy Y. pestis infection.
Pathology of orally infected mice. Gross and microscopic pathological examinations were made of 10 mice infected by either i.g. inoculation or allowing them to ingest water containing bacteria. Animals were selected that were moribund or freshly dead, and infection with Y. pestis was confirmed by positive spleen, liver, and blood cultures. Gross and microscopic examinations of lungs revealed no evidence of pneumonia. Thus, aspiration of bacteria either from the stomach or during drinking was excluded as a mechanism for the introduction of bacteria across mucosal surfaces. The spleens were moderately enlarged, and the small intestines did not show changes of enteritis or abscess formation. Microscopically, most animals had minimal changes of increased mitosis of intestinal epithelial cells. Peyer's patches showed lymphoid hyperplasia with an increase of mononuclear cells. The livers were grossly normal, but microscopically they showed abscesses, congestion, and focal necrosis. Kupffer cells contained bacteria. The spleens were also congested with lymphoid hyperplasia of the white pulp and necrosis in the red pulp. High numbers of bacteria were visible in liver sinusoids and in the red pulp of the spleens. The mesenteric lymph nodes demonstrated lymphoid hyperplasia without necrosis or abscess formation. In most animals, there were increased numbers of mononuclear cells with phagocytic activity (Fig. 1) .
To observe the sequential appearance of pathological changes, another group of 15 ria were evident at 48 h, and extensive necrosis was noted at 72 h. The mesenteric lymph nodes were hyperplastic, with increased numbers of mononuclear cells in the sinuses. Some of the mononuclear cells contained bacterial organisms at 72 h. No pathology was found in the lungs, kidney, or pancreas. Bacteria were, however, found in the blood vessels of all organs.
To determine whether the observed changes in intestinal epithelium, Peyer's patches, and mesenteric lymph nodes were attributable to the introduction of organisms into the gastrointestinal tract, these tissues were compared between groups of mice inoculated by the i.g. and subcutaneous routes. Both groups showed compara- (Fig. 2) . This pattern was similar to that seen with the LT-2 strain of S. typhimurium. When compared with other strains of bacteria, Y. pestis was more resistant to acid pH than was V. cholerae but was more sensitive than were tested strains of Yersinia enterocolitica and Shigella flexneri.
Effects of bicarbonate and streptomycin pretreatment on susceptibility of mice to infection. Reducing gastric acidity with bicarbonate and reducing the normal intestinal flora with streptomycin have been shown to increase the susceptibility of animals to infection by other enteric bacteria (2, 11) . Groups of mice were given i.g. 0.1 ml of a 20% solution of sodium bicarbonate or 50 mg of streptomycin at 5 min or 24 h, respectively, before i.g. challenges with Y. pestis in serial 10-fold-diluted doses ranging from on October 27, 2017 by guest http://iai.asm.org/ Downloaded from when they drank water containing high numbers of bacteria. Although the anatomical site at which the bacteria crossed epithelial surfaces to produce fatal systemic infection was not determined, the absence of lung pathology rules out inhalation or aspiration as the model of infection. Thus, it appears likely that Y. pestis crosses the gastrointestinal epithelium at some site after bacteria enter the stomach.
The failure to reculture organisms from intestinal contents or stool after i.g. inoculation indicates that Y. pestis does not multiply in the lumen of the gut and is probably susceptible to the lethal action of stomach acid and other antibacterial factors in the bowel. The mechanism by which the bacteria cross the gastrointestinal epithelium likely resembles the persorption of Candida organisms from the gut directly into the thoracic duct that has been described in infant mice inoculated i.g. (11) and the translocation of Salmonella from the gut to mesenteric lymph nodes that has been described in germfree mice (1) . In the case of Salmonella, Takeuchi observed organisms by electron microscopy within and between intestinal epithelial cells (17) . In our studies of oral plague infection, however, bacteria did not appear initially and build up in Peyer's patches and mesenteric lymph nodes, as Carter and co-workers showed in experimental Salmonella and Yersinia enterocolitica infections (6, 7) . After oral challenge, Y. pestis appeared in the liver, spleen, and blood in high numbers by 24 h after inoculation. The presence of lower numbers of bacteria at this time in the mesenteric lymph nodes and Peyer's patches indicated that Y. pestis had bypassed the intestinal lymphoid tissues to become a systemic infection.
In contrast to the pathology of Y. enterocolitica infection in mice by the oral route, which produces acute abscesses of Peyer's patches and mesenteric lymph nodes (5), Y. pestis produced minimal evidence of any local enteric pathology. Mice showed no signs of acute enteritis or abscess formation. The lymphoid tissue of Peyer's patches and mesenteric lymph nodes revealed only moderate increases of mononuclear cells with phagocytosis. The pathology of these orally acquired infections was typical of overwhelming systemic infection, consisting of heavy infection of the blood, acute inflammation and necrosis of the splenic red pulp, and microabscesses in the liver. The lesions in these tissues were identical to those seen in mice infected by the subcutaneous route. This consistent systemic pathology establishes that Y. pestis is not an enteric pathogen but is an effective systemic pathogen whether introduced by the subcutaneous or the oral route.
Further differences between oral Y. pestis infections and the classical enteric pathogens Salmonella and Vibrio cholerae were demonstrated by the failure of bicarbonate or streptomycin pretreatment to enhance susceptibility to infection (2, 12) . Although Y. pestis was killed in buffers at pH s3, the failure to enhance infection by neutralizing stomach acid may have resulted from the rapid absorption of a few organisms out of a large inoculum. Likewise, the inability of streptomycin to enhance infection could have resulted from the failure of Y. pestis to survive and multiply in regions of the bowel that are changed by reducing Bacteroides species through streptomycin treatment (13) . Our studies of antibody responses in rodents surviving oral challenge of Y. pestis showed that mice and Z. pixuna rarely survived with an immune response but that wild rats more commonly resisted fatal infections and developed antibody rises. Rats are naturally more resistant to fatal plague infection than are either M. musculus or Z. pixuna. Accordingly, rats survived larger inocula of Y. pestis in our experiments than did the more susceptible species of rodents. The larger doses given to rats may explain the higher rate of seroconversions in the rats than in the other species, which succumbed to the larger doses of bacteria. This dosage relationship to seroconversion has been documented also by Williams et al. (19) in parenteral inoculations of ground squirrels.
